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Abstract 
7KHODVHUEUD]LQJRIVWHHOVKHHWVLVZLGHO\DSSOLHGLQFDUERG\PDQXIDFWXULQJ7KHFULWLFDOYDOXHIRUWKHVWUHQJWKRIWKHMRLQWLVWKH
PLQLPDOFRQQHFWLRQZLGWKEHWZHHQWKHWZRVKHHWV+RZHYHUWKLVYDOXHLVGHSHQGLQJRQWKHIHHGUDWHDQGSRZHURIWKHODVHUDQG
WKHIHHGUDWHDQGSUHKHDWLQJFXUUHQWRIWKHILOOHUZLUHXVHG)XUWKHUPRUHWKHZHWWLQJEHKDYLRURIWKHEUD]LQJVROGHULVDIIHFWHGE\
WKHVXUIDFHSURSHUWLHVRIWKHMRLQLQJSDUWQHUVDQGLVWKXVSURQHWRHUURUV&XUUHQWO\PRVWO\GHVWUXFWLYHWHVWLQJLVXVHGWRHYDOXDWH
WKH FRQQHFWLRQ VWDWH 7KHUHIRUH ZH VWXGLHG D QRYHO RSWLFDO PHDVXUHPHQW WHFKQLTXH ZKLFK LV FDSDEOH RI UHPRWHO\ PHDVXULQJ
RVFLOODWLRQVRIWKHMRLQLQJSDUWQHUV,QWKHSURSRVHGVWXG\ZHVKRZKRZWKHRVFLOODWLRQVDUHFRQQHFWHGWRWKHSURFHVVEHKDYLRU
DQGWKHIXVLRQDUHDDQGKRZWKHVHWXSPLJKWEHDSSOLHGDVDSRVWDQGLQSURFHVVPHDVXUHPHQWV\VWHP
&RS\ULJKWOLQHZLOODSSHDUKHUH
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH%D\HULVFKHV/DVHU]HQWUXP*PE+
Keywords:ODVHUEUD]LQJVHQVLQJRVFLOODWLRQPHDVXUHPHQW
1. Introduction 
7KHKLJKVHDPTXDOLW\RIODVHUEUD]HGVHDPVLVYHU\EHQHILFLDOIRUWKHXVHLQDSSOLFDWLRQVZKHUHDJRRGORRNLQJ
VHDPDQGDWLJKWFRQQHFWLRQRIWZRMRLQLQJSDUWQHUVLVQHHGHG+RZHYHUWKHUHDUHVWLOOLVVXHVWREHVROYHG6LPLODUWR
ODVHUZHOGLQJWKHODVHUEUD]LQJUHVXOWLVLQIOXHQFHGE\WKHODVHUSRZHUIHHGUDWHDQGEHDPGLDPHWHU'XHWRWKHQHHG

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RIILOOHUPDWHULDOWKHPDWHULDOW\SHWKHIHHGUDWHWKHGLDPHWHUDQGWKHSUHKHDWLQJFXUUHQWRIWKHZLUHDUHDGGLWLRQDO
IDFWRUVZKLFKLQIOXHQFHWKHVHDPTXDOLW\
2QHRIWKHPRVWLPSRUWDQWIDFWRUVIRUDJRRGEUD]LQJVHDPTXDOLW\LVWKHZHWWLQJEHKDYLRURIWKHILOOHUPDWHULDOWR
WKH MRLQLQJ SDUWQHUV $Q LQDFFXUDWH DGMXVWPHQW RI WKH QDPHG SURFHVV SDUDPHWHUV FDQ OHDG WR XQZDQWHG ZHWWLQJ
G\QDPLFV $GGLWLRQDOO\ FRQWDPLQDWLRQ RI WKH VKHHWV FDQ H[DFHUEDWH WKH ZHWWLQJ RI WKH MRLQLQJ SDUWQHUV $QRWKHU
SURFHVVSDUDPHWHUZKLFKLVSURQHWRHUURULVWKHRIIVHWEHWZHHQWKHEHDPDQGWKHILOOHUZLUH,IWKHRIIVHWLVWRRKLJK
DRQHVLGHGFRQQHFWLRQFDQRFFXU0RUHRYHUWRRPXFKODVHUSRZHUFDQOHDGWRHYDSRUDWLRQRIWKHILOOHUPDWHULDO,Q
FRQWUDVWZKHQXVLQJ WRR ORZODVHUSRZHU WKHZLUHFDQQRWEHPROWHQFRPSOHWHO\)RUERWKFDVHVSRUHVFDQHYROYH
LQVLGHWKHVHDP
&XUUHQWO\PRVWO\SRVWSURFHVVPRQLWRULQJWHFKQLTXHVDUHDSSOLHGIRUWKHPRQLWRULQJRIWKHVHDPTXDOLW\%\WKH
XVHRIODVHUWULJRQRPHWU\WKHWRSRORJ\RIWKHVHDPFDQEHPHDVXUHGDQGSRUHVDWWKHVXUIDFHRIWKHVHDPRURQHVLGHG
FRQQHFWLRQFDQEHGHWHFWHG+RZHYHUSRUHVLQVLGHWKHVHDPFDQRQO\EHGHWHFWHGE\GHVWUXFWLYHWHVWLQJ7KHUHIRUHD
SRVVLELOLW\IRUWKHLQSURFHVVGHWHFWLRQRIWKHFRQQHFWLRQVWDWXVKDVWREHIRXQG
,QWKHVSKRWRGLRGHEDVHGV\VWHPVKDYHEHHQLQIRFXVRIUHVHDUFKDVVKRZQE\*ULPPHWDO0RVWRI
WKH V\VWHPV XVH D S\URPHWHU WRPHDVXUH WKH VXUIDFH WHPSHUDWXUH RI ERWK MRLQLQJ SDUWQHUV ,Q FDVH RI D RQHVLGHG
FRQQHFWLRQ WKH WHPSHUDWXUHGLVWULEXWLRQ LQ WKHSURFHVV]RQH LVXQEDODQFHG+HQFHE\ WKHGHILQLWLRQRID WROHUDQFH
UDQJHRQHVLGHGFRQQHFWLRQFDQEHPHDVXUHGDQG WKH ODVHUSRZHU WKH ODVHU IHHGUDWHRU WKHZLUH IHHGUDWHFDQEH
DGMXVWHGWRSUHYHQWGHIHFWVDVVKRZQE\*ULPPHWDO+RZHYHULISURFHVVSDUDPHWHUVILOOHUZLUHPDWHULDOV
DQGVKHHWPDWHULDOVDUHFKDQJHGGLIIHUHQWWROHUDQFHUDQJHVKDYHWREHIRXQGH[SHULPHQWDOO\
,Q WKH ODVW \HDUV FDPHUD EDVHG DSSURDFKHV KDYH EHHQ YDOLGDWHG %\ WKH XVH RI D &026 FDPHUD DQG DQ
LOOXPLQDWLRQODVHULQFRPELQDWLRQZLWKD1,5FDPHUDDQRQOLQHPRQLWRULQJV\VWHPKDVEHHQGHYHORSHG7KHFDPHUD
EDVHGSURFHVVREVHUYDWLRQGLGOHDGWRDQLQFUHDVHLQSURFHVVXQGHUVWDQGLQJDQGLWZDVIRXQGWKDWDFRQVWDQWZLUHIHHG
LV FUXFLDO IRU D JRRG VHDP DV VKRZQ E\ .ORFNH HW DO   %\ WKH XVH RI WKH GHVFULEHG V\VWHP D UHDOWLPH
GHWHFWLRQ DOJRULWKP RI VXSHUILFLDO SURFHVV GHIHFWV FRXOG EH GHYHORSHG E\ 8QJHUV HW DO  +RZHYHU WKH
WKHUPRJUDSKLFPHDVXUHPHQWVJLYHRQO\DQLQGLUHFWPHDVXUHRIWKHFRQQHFWLRQVWDWXVDQGWKHGHWHFWLRQRILQQHUSRUHV
LVQRWSRVVLEOH\HW
+HQFHDQLQSURFHVVPHDVXUHPHQWRIWKHFRQQHFWLRQVWDWXVLVQHHGHG,QWKHIROORZLQJZHVKRZDQDSSURDFKWR
PHDVXUH WKHPLQLPDO FRQQHFWLRQZLGWK DQG WKXV WKH FRQQHFWLRQ VWDWXV EHWZHHQ WKH WZR VKHHWV E\ WKH XVH RI RXU
UHPRWHYLEUDWLRQPHDVXUHPHQWWHFKQRORJ\
2. Measurement Principle 
2XUDSSURDFKLVWRPHDVXUHWKHRVFLOODWLRQRIWKHMRLQLQJSDUWQHUVWRGHWHUPLQHWKHFRQQHFWLRQEHWZHHQWKHWZR
VKHHWV %\ LQGXFLQJ D GHILQHG YLEUDWLRQ LQWR RQH MRLQLQJ SDUWQHU WKH FRQQHFWLRQ TXDOLW\ RI WKH VHDP PLJKW EH
TXDQWLILDEOHE\WKHPHDVXUHPHQWRI WKHYLEUDWLRQRIWKHRWKHUMRLQLQJSDUWQHUDVGHSLFWHGLQ)LJ0RUHRYHUZH
SURYHWKHGHWHUPLQDWLRQRIWKHVHDPTXDOLW\IURPPHDVXULQJWKHVWUXFWXUHERUQHRVFLOODWLRQVZKLFKDUHLQGXFHGIURP
WKHSURFHVVLWVHOIZLWKRXWH[WHUQDOH[FLWDWLRQ
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
)LJ$SSURDFKIRUPHDVXULQJWKHFRQQHFWLRQVWDWHE\H[WHUQDOH[FLWDWLRQRIRQHMRLQLQJSDUWQHU
,Q RXU VSHFNOH VHQVLQJ WHFKQLTXH ZH ORFDOO\ LOOXPLQDWH WKH XSSHU MRLQLQJ SDUWQHU ZLWK D ODVHU WR JHQHUDWH D
VHFRQGDU\VSHFNOHSDWWHUQ7KHSDWWHUQLVLPDJHGZLWKDGHIRFXVHGKLJKVSHHGFDPHUDDWDQDQJOHRIDSSUR[LPDWHO\
%\PRQLWRULQJWKHPRYHPHQWRIWKHVSHFNOHSDWWHUQYLEUDWLRQVRIWKHMRLQLQJSDUWQHUFDQEHTXDQWLILHG$PRUH
GHWDLOHGH[SODQDWLRQRIRXUPHDVXUHPHQWDSSURDFKFDQEHIRXQGLQ=DOHYVN\HWDODQG7HQQHUHWDO
)RU LOOXPLQDWLQJ WKH VKHHWV ZH XVH D  P: ODVHU GLRGHDOE-QD635-0.4-6(10x22)-ADJ IURP picotronic ZLWK D
ZDYHOHQJWKRIQPPUDGGLYHUJHQFHDFU\OLFOHQVIRUFROOLPDWLRQ)RULPDJLQJWKHVSHFNOHSDWWHUQZHXVHD
&&'FDPHUDBasler pi640-210gmZLWKDUHVROXWLRQRI[SL[HODQGDIUDPHUDWHRIISVDWWDFKHGWRD
PPPDFUR OHQVTokina ATX 2.8/100 ProZLWKD[ WHOHFRQYHUWHU)LJVKRZVRXUVHWXSIRUPHDVXULQJ WKH
VKHHWRVFLOODWLRQ


)LJ8VHGPHDVXUHPHQWVHWXSFRQVLVWLQJRID&&'FDPHUDD[WHOHFRQYHUWHUDPPPDFUROHQVDQGDP:QPODVHUGLRGH
2XUDSSURDFKFDQEHUHDOL]HGE\WKHXVHRIDFRQYHQWLRQDO&&'FDPHUDZLWKORZGHPDQGWRVSDWLDOUHVROXWLRQ
DQGDFRQVXPHUOHQV0RUHRYHU WKHUHLVQRQHHGIRUKLJKO\VWDELOL]HGODVHUVZLWKDYHU\VPDOOHPLVVLRQVSHFWUXP
+HQFH FRPSDUHG WR RWKHU LQWHUIHURPHWULF YLEURPHWHUV VXFK DV ODVHU 'RSSOHU YLEURPHWHUV RXU DSSURDFK LV OHVV
FRVWO\ 6LQFH WKH DQJOH EHWZHHQ WKH RSWLFDO D[LV RI WKH FDPHUD DQG WKH FDPHUD DQG WKH VXUIDFH QRUPDO RI WKH
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RVFLOODWLQJVKHHWGRHVQRWDIIHFWWKHPHDVXUHPHQWRXUV\VWHPLVHDV\WRXVHDQGOHVVSURQHWRHUURUV$GGLWLRQDOO\LW
LVZLGHO\DSSOLFDEOHGXHWRWKHKLJKSRUWDELOLW\DQGHDV\\HWUREXVWFRQVWUXFWLRQRIWKHV\VWHP
,QRXUH[SHULPHQWVZHMRLQHGWZRPPWKLFN]LQFFRDWHG'&VKHHWV)RUJHQHUDWLQJD]HURJDSEHWZHHQWKH
VKHHWVDQDSSURSULDWHFODPSLQJPHFKDQLVPLVXVHG
)RU ODVHUEUD]LQJDLDF 4000-40GLRGH ODVHU IURPLaserlineZLWKDPD[LPXPRXWSXW SRZHURIN:DQG WKH
ZDYHOHQJWKVDQGQP LVXVHG7KH ODVHU LVFRXSOHG WRD ILEUHZLWK DGLDPHWHURIPDQG
IRFXVHGE\DQALO-3IRFXVLQJRSWLFVIURPScansonic WRDEHDPGLDPHWHURIPPRQWKHZRUNVKHHWV7KHZLUHLV
IHG E\ DTransPuls Synergic 4000 ZLUH IHHGHU IURPFronius'XULQJ WKH EUD]LQJ SURFHVV WKH IRFXVLQJ RSWLFV DUH
PRYHGE\DQLQGXVWULDOURERWDQGWKHVKHHWVDUHLQDIL[HGSRVLWLRQ&X6L/LVXVHGDVILOOHUPDWHULDODQGWKHILOOHU
ZLUHKDVDGLDPHWHURIPP
)RUJHQHUDWLQJGLIIHUHQWFRQQHFWLRQVWDWHVZHYDULHGWKHIHHGUDWHDQGWKHSUHKHDWLQJFXUUHQWRIWKHILOOHUZLUH)RU
HYDOXDWLQJ RXUPHDVXUHPHQW V\VWHPZH VHSDUDWH WKH VHDP LQ WKUHH VHFWLRQV ZKHUH HYHU\ VHFWLRQ KDV D OHQJWK RI
PP7KHILUVWDQGWKHODVWVHFWLRQDUHXVHGDVDUHIHUHQFHZKHUHDFRPSOHWHIXVLRQEHWZHHQWKHMRLQLQJSDUWQHUV
FDQEHDVVXUHG,QWKHPLGGOHVHFWLRQWKHSURFHVVSDUDPHWHUVKDYHEHHQYDULHGVRWKDWGLIIHUHQWIXVLRQVWDWHVFRXOG
EHJHQHUDWHGDQGWKHFRUUHVSRQGLQJUHVXOWVRIRXUPHDVXUHPHQWV\VWHPFRXOGEHHYDOXDWHG
)RU WKHTXDQWLILFDWLRQRI WKH IXVLRQVWDWHZHXVH WKHPLQLPXPWKLFNQHVVRI WKH VHDPLQDFURVVVHFWLRQDOYLHZ
)LJVKRZVH[HPSODU\WRSYLHZVDQGFURVVVHFWLRQVRIWZRVHDPV%RWKVHDPVGRORRNVLPLODUIURPWKHWRS+HQFH
ZKHQXVLQJDSRVWSURFHVVVFDQRIWKHVHDPWRSRORJ\QRTXDOLW\LVVXHVPLJKWEHGHWHFWHG+RZHYHUWKHOHIWLPDJH
VKRZVDKLJKIXVLRQOHQJWKRIPPZKHUHDVWKHULJKWLPDJHVKRZVRQO\DIXVLRQOHQJWKRIPPZKLFKLV
QRWVXIILFLHQW WRKROG WKHGHPDQGHG IRUFHV ,Q WKH IROORZLQJZHVKRZKRZRXUSURSRVHG WHFKQLTXHSHUIRUPHGIRU
GLIIHUHQWWHVWFDVHV

3. Results 
)RUHYDOXDWLQJRXUDSSURDFKZHXVHWZRGLIIHUHQWVHWXSV)LUVWO\SRVWSURFHVVPHDVXUHPHQWVKDYHEHHQGRQHWR
PHDVXUH WKH FRQQHFWLRQ VWDWXV ZLWKRXW WKH LQIOXHQFH RI LQWHUIHULQJ SURFHVV HPLVVLRQV ,Q D VHFRQG DSSURDFK ZH
PHDVXUHWKHVKHHWV¶RVFLOODWLRQGXULQJWKHSURFHVVZLWKWKHPHDVXUHPHQWV\VWHPDWWDFKHGWRWKHSURFHVVLQJKHDG

)LJ([HPSODU\VHDPVIRUDJRRGODUJHIXVLRQOHQJWKDQGDEDGVPDOOIXVLRQOHQJWKFRQQHFWLRQWKHPLQLPDOIXVLRQOHQJWKLVVKRZQZLWKD
UHGER[
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3.1. Process behavior 
7KHLPSRUWDQWNH\SDUDPHWHUIRUDGMXVWLQJWKHIXVLRQOHQJWKLVWKHLQSXWHQHUJ\IRUPHOWLQJWKHILOOHUZLUH7KLV
HQHUJ\ LV QRW RQO\ GHILQHG E\ WKH ODVHU SRZHU EXW DOVR E\ WKH SUHKHDWLQJ FXUUHQW RI WKH ILOOHUZLUH0RUHRYHU D
FKDQJHLQZLUHIHHGUDWHGRHVDIIHFWWKHLQSXWHQHUJ\SHUYROXPHDQGKHQFHWKHPHOWLQJEHKDYLRXURIWKHZLUH7R
DVVHVV WKH UHVXOWV RI RXU PHDVXUHPHQW DSSURDFK ZH HYDOXDWHG WKH SURFHVV EHKDYLRXU ZKLFK OHDGV WR D GHFUHDVHG
IXVLRQOHQJWK
)LJVKRZVH[HPSODU\EUD]LQJVHDPVDQGFURVVVHFWLRQVIRUFKDQJLQJZLUHIHHGUDWHDQGSUHKHDWLQJFXUUHQWLQ
FRPSDULVRQZLWKDUHIHUHQFHVHDP,WFDQEHFOHDUO\VHHQWKDWWKHPHOWLQJEHKDYLRXURIWKHILOOHUZLUHDQGWKXVWKH
IXVLRQOHQJWKFKDQJHVGHSHQGLQJRQWKHZLUHIHHGUDWHDQGWKHSUHKHDWLQJFXUUHQW
:KHQ GHFUHDVLQJ WKH SUHKHDWLQJ FXUUHQW WKH WRWDO LQSXW HQHUJ\ GHFUHDVHV DQG WKH ILOOHUPDWHULDO GRHV QRWPHOW
VXIILFLHQWO\+HQFHWKHZHWWLQJEHKDYLRURIWKHILOOHUPDWHULDOZRUVHQVDQGWKHEUD]LQJVHDPLVHOHYDWHGFRPSDUHG
WRWKHUHIHUHQFHVHDP:KHQLQFUHDVLQJWKHSUHKHDWLQJFXUUHQWWKHLQSXWHQHUJ\LVWRRKLJKDQGWKHILOOHUPDWHULDOJHWV
WRROLTXLG7KXVDVDJJLQJRIWKHEUD]LQJVHDPFDQEHREWDLQHG0RUHRYHUWKHODFNRIILOOHUPDWHULDOLQWKHWRSSDUW
RIWKHVHDPOHDGVWRDGLUHFWLQWHUDFWLRQEHWZHHQWKHODVHUEHDPDQGWKHMRLQLQJSDUWQHUVZKLFKUHVXOWVLQPHOWLQJRI
WKHSDUWQHUV¶VXUIDFH7KLVOHDGVWREODFNPDUNVIODQNLQJWKHEUD]LQJVHDPVKRZQLQ)LJ$GGLWLRQDOO\LWFDQEH
REWDLQHGWKDWWKHILOOHUPDWHULDOGRHVQRWZHWWKHMRLQLQJSDUWQHUVLQWKHORZHUSDUWRIWKHMRLQLQJ]RQHZKLFKOHDGVWR
DGHFUHDVLQJIXVLRQOHQJWK
:KHQGHFUHDVLQJ WKHZLUH IHHG UDWH WKH LQSXWHQHUJ\SHUYROXPHGRHV LQFUHDVHDQG WKH ILOOHUPDWHULDO JHWV WRR
OLTXLG7KLVUHVXOWVLQDVDJJLQJRIWKHVHDP$VIRUWKHFDVHRILQFUHDVHGSUHKHDWLQJFXUUHQWWKHVDJJLQJOHDGVWRDQ
LQWHUDFWLRQRIWKHODVHUZLWKWKHMRLQLQJSDUWQHUVDQGWKXVWRDPHOWLQJRIWKHSDUWQHUV¶VXUIDFH'XHWRWKHGHFUHDVHLQ
ILOOHU PDWHULDO YROXPH WKH IXVLRQ OHQJWK LV GHFUHDVHG GUDPDWLFDOO\ ZKLFK UHVXOWV LQ D SRRU VHDP VWUHQJWK:KHQ
LQFUHDVLQJ WKH ZLUH IHHG UDWH WKH LQSXW HQHUJ\ SHU YROXPH LV GHFUHDVHG DQG WKH ILOOHU PDWHULDO FDQQRW EH PROWHQ
VXIILFLHQWO\ 'XH WR WKH KLJKHU YLVFRVLW\ RI WKH ILOOHU PDWHULDO WKH VHDP LV HOHYDWHG DQG WKH ZHWWLQJ EHKDYLRU LV
LQVXIILFLHQW
6XPPDUL]LQJWKHIXVLRQOHQJWKDQGWKHDSSHDUDQFHRIWKHVHDPDUHFOHDUO\GHSHQGLQJRQWKHWRWDOLQSXWHQHUJ\,I
WKHHQHUJ\LVWRRKLJKWKHILOOHUPDWHULDOLVWRROLTXLG,QFRQWUDVWLIWKHLQSXWHQHUJ\LVWRRORZWKHILOOHUPDWHULDOLV
)LJ%UD]LQJVHDPVDQGFURVVVHFWLRQVIRUFKDQJLQJZLUHIHHGUDWHDQGSUHKHDWLQJFXUUHQWLQFRPSDULVRQZLWKWKHUHIHUHQFHVHDP
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WRR YLVFRXV %RWK FDVHV DIIHFW WKH ZHWWLQJ EHKDYLRU DQG WKXV WKH IXVLRQ OHQJWK ,QWHUHVWLQJ WR QRWH LV WKDW WKH
SURFHVVGHIHFWVHYROYLQJGXHWRDWRRORZHQHUJ\LQSXWDUHQRWYLVLEOHZKHQORRNLQJDWWKHYLVXDODSSHDUDQFHRIWKH
EUD]LQJVHDP+HQFHDQLQSURFHVVFRQWUROZRXOGEHHVSHFLDOO\EHQHILFLDOIRUWKHVHFDVHV
3.2. Post-process measurements 
)RU RXU SRVWSURFHVV PHDVXUHPHQWV ZH DWWDFKHG D VSHDNHU WR RQH MRLQLQJ SDUWQHU WR FRXSOH VWUXFWXUHERUQH
YLEUDWLRQVZLWKDGHILQHGIUHTXHQF\LQWRWKHPHWDOVKHHW6LPLODUWR)LJZHPHDVXUHWKHRVFLOODWLRQLQWKHFHQWHURI
WKH RSSRVLQJ MRLQLQJ SDUWQHU WR KDYH D JDXJH IRU WKH IXVLRQ OHQJWK RI WKH EUD]LQJ VHDP 7R FKDUDFWHUL]H WKH
RVFLOODWLRQ EHKDYLRU RI WKH VKHHWV ZH DSSO\ D VZHHS VLJQDO WR WKH VSHDNHU DQG PHDVXUH WKH RVFLOODWLRQ RI WKH
RSSRVLQJ MRLQLQJ SDUWQHU 'XULQJ WKH VZHHS ZH LQFUHDVH WKH IUHTXHQF\ IURP  WR +] DQG PHDVXUH WKH
RVFLOODWLRQV )LJ  VKRZV WKH VSHFWUXP RI D UHIHUHQFH VHDP $PD[LPXP IUHTXHQF\ DURXQG +] FDQ EH VHHQ
+HQFHZHFKRVHWKLVSHDNWRFKHFNIRUDFRUUHODWLRQZLWKWKHIXVLRQVWDWH
)RU YDOLGDWLQJ RXU DSSURDFKZH YDULHG WKH IHHG UDWH RI WKH ILOOHU ZLUH v DQG WKH SUHKHDWLQJ FXUUHQW I WR FDXVH
GLIIHUHQWPHOWLQJEHKDYLRURIWKHZLUHDQGWKXVDGLIIHUHQWIXVLRQOHQJWK$VVKRZQDERYHERWKSDUDPHWHUVOHDGWRD
FKDQJHLQWKHWRWDOLQSXWHQHUJ\DQGWKXVWRDGLIIHUHQWZHWWLQJEHKDYLRU(YHU\H[SHULPHQWZDVUHSHDWHGWKUHHWLPHV
)LJ VKRZV WKH UHVXOWVRI WKLVDQDO\VLV ,W FDQEHREWDLQHG WKDW WKH IXVLRQ OHQJWK LV WKHKLJKHVW IRU WKH UHIHUHQFH
SDUDPHWHUVDQGDKLJKSUHKHDWLQJFXUUHQWDQGDGHJUDGDWLRQRIWKHFRQQHFWLRQFDQEHPHDVXUHGIRUERWKORZHUDQG
KLJKHUILOOHUZLUHIHHGUDWHDQGORZSUHKHDWLQJFXUUHQW,QWHUHVWLQJWRQRWHLVWKHYDULDWLRQLQWKHFRQQHFWLRQOHQJWKIRU
FRQVWDQWSURFHVVSDUDPHWHUV)RUWKHUHIHUHQFHSDUDPHWHUV WKH YDULDWLRQ LVTXLWHORZDQGDUHOLDEOHSURFHVVUHVXOWV
FDQ EH REWDLQHG ,Q FRQWUDVW D YDU\LQJ FRQQHFWLRQ OHQJWK FDQ EHPHDVXUHG IRU D ORZZLUH IHHG UDWHZKLFK LV DQ
LQGLFDWLRQRIWKHXQVWDEOHSURFHVVEHKDYLRUZKLFKLVUHODWHGWRDORZZLUHIHHGUDWH
)RU RXUPHDVXUHPHQWV D KLJK DPSOLWXGH RI WKH +] SHDNZDV VXVSHFWHG WR EH DPHDVXUH IRU D KLJK IXVLRQ
OHQJWK+RZHYHUIRUDFKDQJLQJSUHKHDWLQJFXUUHQWRQO\DVOLJKWFRUUHODWLRQEHWZHHQWKHVLJQDODPSOLWXGHDQGWKH
IXVLRQOHQJWKFDQEHREWDLQHG)RUWKHORZHUDQGKLJKHUZLUHIHHGUDWHQRGLVWLQFWFRUUHODWLRQEHWZHHQWKHRVFLOODWLRQ
DPSOLWXGHDQG WKH IXVLRQ OHQJWKFDQEH VHHP7KXV WKHDPSOLWXGH LVRQO\ VOLJKWO\FRUUHODWHGZLWK WKHFRQQHFWLRQ
VWDWH ZKLFK VKRZV WKDW WKH GLIIHUHQFHV LQ IXVLRQ OHQJWK GR QRW FKDQJH WKH RVFLOODWLRQ EHKDYLRU RI WKH MRLQW LQ D
GLVWLQFW PDQQHU +HQFH ZKHQPHDVXULQJ SRVWSURFHVV WKH FRQQHFWLRQ FRXOG QRW VXFFHVVIXOO\ EH PHDVXUHG E\ DQ
H[FLWDWLRQ RI WKH VKHHWV ,Q WKH IROORZLQJ ZH VKRZ RXU LQSURFHVV PHDVXUHPHQW UHVXOWV ZKHUH ZH PHDVXUH WKH
VWUXFWXUHERUQHRVFLOODWLRQVZKLFKDUHLQGXFHGE\WKHSURFHVVLWVHOI
)LJ)UHTXHQF\VSHFWUXPPHDVXUHGDWRQHMRLQLQJSDUWQHUZKHQWKHRWKHUMRLQLQJSDUWQHULVH[FLWHGZLWKDVZHHSVLJQDOIURPWR+]
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3.3. In-process measurements 
'XH WR WKH PRYHPHQW DQG WKH VROLGLILFDWLRQ RI WKH PROWHQ PDWHULDO VWUXFWXUHERUQH QRLVH LV FRXSOHG LQWR WKH
MRLQLQJ SDUWQHUV 7KLV QRLVH FRXOG DOUHDG\ EH PHDVXUHG IRU ODVHU ZHOGLQJ E\ GLIIHUHQW UHVHDUFK JURXSV $V DQ
H[DPSOH%DVWXFNHWDOVKRZHGWKDWWKHVWUXFWXUHERUQHQRLVHLVLQFUHDVHGIRUKLJKHUZHOGLQJGHSWKVGXHWR
DQLQFUHDVHLQWKHYROXPHRIPROWHQPDWHULDO
'XHWRWKHORZHUWHPSHUDWXUHRIWKHIXVLRQ]RQHDZHDNHUPHOWIORZG\QDPLFDQGDVPRRWKHUVROLGLILFDWLRQFDQ
EHDVVXPHGIRUODVHUEUD]LQJLQFRPSDULVRQZLWKODVHUZHOGLQJ+HQFHWKHVWUXFWXUHERUQHQRLVHLVDVVXPHGWRKDYH
DORZHUDPSOLWXGH+RZHYHURXUDSSURDFKDOORZVWKHPHDVXUHPHQWRIYHU\ORZDPSOLWXGHVDQGWKXVPDNHVLWLGHDO
IRUWKHDQDO\VLVRIWKHQRLVHGXULQJWKHEUD]LQJSURFHVV
)RURXULQSURFHVVPHDVXUHPHQWVZHDWWDFKWKHLOOXPLQDWLRQODVHUDQGWKHFDPHUDWRWKHSURFHVVLQJKHDGDQG
PHDVXUHWKHSURFHVVLQGXFHGVWUXFWXUHERUQHRVFLOODWLRQVZLWKDODWHUDOGHYLDWLRQRIPPIURPWKHLQWHUDFWLRQ
]RQHDVVKRZQLQ)LJ

)LJ3RVLWLRQRIPHDVXUHPHQWV\VWHPDWWKHODVHUKHDGGXULQJWKHLQSURFHVVPHDVXUHPHQWV
)LJ)XVLRQOHQJWKDQGDPSOLWXGHRIWKH+]SHDNIRUSRVWSURFHVVPHDVXUHPHQWVRIWKHVKHHWVZKHQH[FLWLQJRQHMRLQLQJSDUWQHUZLWKD
VZHHSVLJQDOIRUORZHUDQGKLJKHUZLUHSUHKHDWLQJFXUUHQWIDQGIHHGUDWHvLQFRPSDULVRQZLWKWKHUHIHUHQFHIHHGUDWH
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)LJVKRZVWKHIUHTXHQF\VSHFWUXPRIWKHVKHHWRVFLOODWLRQGXULQJDEUD]LQJSURFHVVZLWKUHIHUHQFHSDUDPHWHUV
,QFRPSDULVRQWR)LJLWFDQEHVHHQWKDWWKHSURFHVVLWVHOIKDVDPXFKKLJKHULPSDFWRQWKHVKHHWRVFLOODWLRQWKDQ
WKH H[WHUQDO H[FLWDWLRQ RI WKH ORXGVSHDNHU ,PSRUWDQW WR QRWH LV WKH IUHTXHQF\ SHDN DW +] )LJ  VKRZV WKH
SURJUHVVRIWKHSHDN¶VDPSOLWXGHZLWKFKDQJLQJZLUHIHHGUDWH)RUDFKDQJLQJSUHKHDWLQJFXUUHQWQRGLVWLQFWFKDQJHV
LQWKHDPSOLWXGHRIWKH+]SHDNFDQEHREWDLQHG+RZHYHULWFDQEHVHHQWKDWWKHUHLVDFRLQFLGHQFHEHWZHHQWKH
IXVLRQOHQJWKDQGWKHDPSOLWXGHIRUDFKDQJLQJZLUHIHHGUDWH)RUDORZZLUHIHHGUDWHWKHORZHVWDPSOLWXGHFDQEH
REWDLQHG,QFRQWUDVWWKHKLJKHVWDPSOLWXGHFDQEHPHDVXUHGIRUWKHFDVHRIDKLJKZLUHIHHGUDWH


)RU DPRUH GHWDLOHG YLHZ D WLPHUHVROYHG DQDO\VLV KDV EHHQ GRQH )LJ  VKRZV WKH VSHFWURJUDP RI WKH
PHDVXUHPHQWV QXPEHU  GHFUHDVHG FXUUHQW DQG  LQFUHDVHG FXUUHQW $W WKH EHJLQQLQJ DQG WKH HQG RI WKH
PHDVXUHPHQWWKHUHIHUHQFHSDUDPHWHUVKDYHEHHQXVHGZKLFKUHVXOWLQDJRRGVHDP
)LJ)UHTXHQF\VSHFWUXPRIWKHVKHHWRVFLOODWLRQVZKLFKDUHLQGXFHGE\WKHSURFHVV
)LJ)XVLRQOHQJWKDQGDPSOLWXGHRIWKH+]SHDNIRULQSURFHVVPHDVXUHPHQWVRIWKHVKHHWVZLWKRXWH[WHUQDOH[FLWDWLRQIRUORZHUDQG
KLJKHUZLUHIHHGUDWHLQFRPSDULVRQZLWKWKHUHIHUHQFHIHHGUDWH
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
,W FDQEH VHHQ WKDWD VOLJKW LQFUHDVH LQRVFLOODWLRQDPSOLWXGHFDQEHPHDVXUHGZKHQXVLQJDGHFUHDVHGFXUUHQW
0RUHRYHUIUHTXHQFLHVDERYH+]RFFXUZKHQGHFUHDVLQJWKHFXUUHQW7KHPHDVXUHGFKDQJHLQWKHVWUXFWXUHERUQH
QRLVH PLJKW EH DVVRFLDWHG WR WKH LQFUHDVH LQ YLVFRVLW\ RI WKH ILOOHU PDWHULDO ZKLFK OHDGV WR D VWURQJHU FRXSOLQJ
EHWZHHQWKHZLUHDQGWKHPHWDOVKHHWV)LJVKRZVWKHVSHFWURJUDPRIWKHPHDVXUHPHQWVQXPEHUGHFUHDVHG
IHHG UDWH DQG  LQFUHDVHG IHHG UDWH )RU DQ LQFUHDVH LQ ZLUH IHHG UDWH DQ LQFUHDVLQJ DPSOLWXGH RI WKH VKHHW
RVFLOODWLRQFDQEHPHDVXUHG7KLVFDQEHH[SODLQHGE\WKHPHOWLQJEHKDYLRURIWKHZLUH$VDOUHDG\H[SODLQHGDERYH
DQLQFUHDVHGZLUHIHHGUDWHOHDGVWRDQLQFRPSOHWHPHOWLQJRIWKHZLUH7KHXQPROWHQZLUHFROOLGHVZLWKWKHVKHHWV
ZKLFKUHVXOWVLQDQXQVWHDG\VFUDWFKLQJDWWKHVXUIDFHRIWKHMRLQLQJSDUWQHUV
)LJ6SHFWURJUDPRIWKHSURFHVVRVFLOODWLRQVGHSHQGLQJRQWKHSUHKHDWLQJFXUUHQW
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$VLW LVVKRZQLQ WKHVSHFWURJUDPZHFDQTXDQWLI\WKLVXQVWHDG\EHKDYLRUE\WKHXVHRIRXUWLPHUHVROYHGDQG
UHPRWH PHDVXUHPHQW RI WKH VKHHW RVFLOODWLRQ 'XH WR WKH IDFW WKDW WKH LQFRPSOHWH PHOWLQJ RI WKH ZLUH OHDGV WR D
GHJUDGDWLRQ LQ WKH IXVLRQ OHQJWKRI WKHVKHHWVDSRVVLELOLW\ WR LGHQWLI\XQZDQWHGSURFHVVEHKDYLRU LVJLYHQE\RXU
WHFKQLTXH
6XPPDUL]LQJRXUUHVXOWVVKRZWKDWWKHVWUXFWXUHERUQHQRLVHLVFRQQHFWHGWRSURFHVVGHIHFWVZKLFKRFFXUZKHQD
WRR ORZ LQSXW HQHUJ\ LV XVHG ,Q FRQWUDVW HIIHFWV RI D WRR KLJK LQSXW HQHUJ\ FRXOG QRW EH PHDVXUHG LQ RXU
H[SHULPHQWV+RZHYHUWKHVHGHIHFWVKDYHDQLQIOXHQFHDWWKHYLVXDODSSHDUDQFHRIWKHVHDPZKHUHDVGHIHFWVGXHWR
DWRRORZLQSXWHQHUJ\DUHQRWYLVLEOHIURPWKHRXWVLGH7KLVPDNHVRXUVHQVRUEHQHILFLDOIRUWKHXVHDVDQLQSURFHVV
FRQWUROV\VWHP
4. Conclusion and Outlook 
)URPRXUH[SHULPHQWVZHFDQFRQFOXGH WKDWDQH[WHUQDOH[FLWDWLRQRI WKH VKHHWV¶RVFLOODWLRQGRHVQRW OHDG WRD
UHOLDEOHPHDVXUHPHQWRIWKHFRQQHFWLRQVWDWHRIWZRODVHUEUD]HGVKHHWV+RZHYHUZHDUHDEOHWRVKRZWKDWZHFDQ
GHWHFW XQZDQWHG SURFHVV EHKDYLRU E\ PHDVXULQJ WKH VWUXFWXUHERUQH RVFLOODWLRQV RI WKH EUD]LQJ SURFHVV 2XU
PHDVXUHPHQWVVKRZJRRGUHVXOWVZKHQXVLQJDWRRORZWRWDOLQSXWHQHUJ\,QGHWDLOZHFDQGHWHFWLQIOXHQFHVRIDWRR
KLJKYLVFRVLW\RIWKHILOOHUPDWHULDO0RUHRYHUZHFDQPHDVXUHWKHVFUDWFKLQJRIWKHILOOHUPDWHULDOZLUHZKHQXVLQJ
D WRRKLJKZLUH IHHG UDWHZKLFK OHDGV WRDGHIHFWLYHEUD]LQJ VHDP%RWK UHVXOWVDUH KLJKO\ UHOHYDQW IRU LQGXVWULDO
DSSOLFDWLRQVLQFHDWRRORZHQHUJ\LQSXWFDQQRWEHGHWHFWHGE\WKHYLVXDODSSHDUDQFHRIWKHVHDP
,QIXWXUHZRUNZHZDQWWRLQYHVWLJDWHRXUDSSURDFKLQPRUHGHWDLOWRKDYHDORRNDWWKHLQIOXHQFHRIRWKHUSURFHVV
SDUDPHWHUFKDQJHV0RUHRYHUZHZDQWWRDFKLHYHDEHWWHUFRUUHODWLRQEHWZHHQWKHRVFLOODWLRQPHDVXUHPHQWDQGWKH
)LJ6SHFWURJUDPRIWKHSURFHVVRVFLOODWLRQVGHSHQGLQJRQWKHIHHGUDWH
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UHDOSURFHVVEHKDYLRUE\WKHXVHRIVLPXOWDQHRXVKLJKVSHHGYLGHRJUDSK\)XUWKHUPRUHZHZDQWWRLQYHVWLJDWHWKH
HIIHFWRISLH]RDFWXDWRUVWRLQGXFHDVWURQJHURVFLOODWLRQLQWRWKHVKHHWVIRUDEHWWHUSRVWSURFHVVPHDVXUHPHQW
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